2 Two-dimensional (2D) transition metal dichalcogenides (TMDs) with tantalizing layer-dependent electronic and optical properties have emerged as a new paradigm for integrated flat opto-electronic devices. However, daunting challenges remain in deterministic fabrication of TMD layers with demanded shapes and thicknesses as well as light field manipulation in such atomic-thick layers with vanishingly small thicknesses compared to the wavelength. Here, we demonstrate ultra-sensitive light field manipulation in full visible ranges based on laser exfoliating MoS2 layers with nanometric precisions. The nontrivial interfacial phase shifts stemming from the unique dispersion of MoS2 layers integrated on the metallic substrate empower an ultra-sensitive resonance manipulation up to 12.8 nm per MoS2 layer across the entire visible bands, which is more than five times larger than their counterparts. The interlayer van der Waals interactions endow a laser exfoliation method for ondemand patterning MoS2 with atomic thickness precisions and subwavelength feature sizes in a facile and lithography-free fashion. With this, nanometric flat color prints and further binocular stereoscopic views by multi-perspective diffractive images can be realized. Our results with demonstrated practicality unlock full potentials and pave the way for widespread applications of emerging 2D flat optics.
Introductions
Since the first discovery 1,2 , two-dimensional (2D) materials with exceptional optical and electronic properties have offered an unprecedented platform for developing ultra-compact flat opto-electronic devices with a considerable degree of miniaturization. Transition metal dichalcogenides (TMDs) 3,4 exhibiting sensitive layerdependent properties including indirect-to-direct bandgap transition from bulk states to monolayers, emerge as a peculiar complementary to graphene for investigating excitonic light-matter interactions. As such, onrushing developments of extensive applications have been witnessed in photodetectors 5, 6 , valley emissions 7 , transistors 8, 9 and memories 10, 11 .
In spite of manifesting enticing high refractive indices 12, 13 , the light field manipulation in nanometric TMD layers remains dull sensitivity to their vanishingly small thickness compared to the wavelength of operation. Until very recently, nanostructured TMD layers at elevated thicknesses to hundreds of nanometres are starting to be appreciated as high-index dielectric resonators supporting distinct geometry-dependent Mie resonances, which starts a new research to shaping light's wavefronts by 2D materials based optical elements 14, 15 . However, these demonstrations are achieved at the cost of degraded device compactness and integration. Moreover, the fabrication of nanostructured TMD layers mainly relies on mechanical or chemical exfoliation from bulk materials 16, 17 and subsequently follows complex lithography procedures to produce demanded shapes and thicknesses 14, 15 .
Even though these approaches are demonstrated effective for fundamental researches, aforementioned challenges remain the major hurdle for the pragmatic and widespread applications of the emerging 2D flat optics.
Here, we demonstrate ultra-sensitive light field manipulation in resonance spectra by nanometrically maneuvering thickness of MoS2 layers deposited on a gold substrate.
By introducing the giant interfacial phase shifts associated with imaginary parts of their refractive indices, the resonance supported by MoS2 layers can be tunable in the full visible range with an extreme sensitivity to the nanometric thickness. The interlayer van der Waals interactions enable laser induced exfoliation effects 18, 19 which provides a pragmatic and lithography-free means to on-demand structure MoS2 flakes at atomic layer precisions and subwavelength feature sizes. The proof-of-principle demonstration of flat color prints and further multi-perspective stereoscopic diffractive images unfolds the potential of 2D flat optics with practicality and upscalability.
Results

Ultra-sensitive resonance manipulation through laser exfoliating nanometric MoS2
layers. The typical configuration of nanometric MoS2 multilayers integrated on a gold substrate for ultra-sensitive resonance manipulation by direct laser writing technique 20 is schematically illustrated in Fig. 1 . The MoS2 thin films with an initial thickness of 20 nm were deposited on a gold substrate (see Methods). A continuous wave (CW) laser beam at the wavelength of 532 nm was focused by an objective lens (50x, NA=0.75) to pattern MoS2 layers. Light absorption in the upper layers can produce a local temperature rise that sublimates and burns out atoms in the vicinity of the focal region, which can be dexterously controlled by the laser recipe. Figure 1b showcases the reflection optical image of a tangram pattern fabricated through the laser writing method. The zones with distinct color appearances represent MoS2 thin films with different nanometric thicknesses, verified by the topographic atomic force microscopy (AFM) image. Indeed, the structure exhibits extreme sensitivity in resonance tunability across in the full visible range through subtle variations of the thickness of MoS2 thin films by merely tens of atomic layers.
To gain insights into the ultra-sensitive resonance manipulation, we first review the Fabry-Perot (FP) resonance supported by a thin film. FP resonance modes are standing waves formed by light wave propagating back and forth between two reflective interfaces, where constructive interference occurs after the light wave travels a round-trip. The resonance condition can be matched once the total phase accumulation including both propagation phase shifts and interfacial phase retardations acquired at interfaces to be an integer modulus of 2 π . Thus, the resonance wavelength can be simply derived as
where n is the real part of the refractive index of the FP layer, h is its thickness, m is the order of resonance, and φ1 and φ2 are interfacial phase shifts at the two interfaces, respectively. It can be seen that the sensitivity of the resonance wavelength to the FP thickness is mainly governed by the refractive index of the material and total interfacial phase shifts at the two interfaces. Especially, when the total interfacial phase shifts are reaching 2π, the denominator will approach zero for the first order resonance (m=1).
In this case, the resonance wavelength will be ultra-sensitive to even nanometric thicknesses of the FP medium, which leads to performances superior to conventional optical coatings relying on the propagation phase accumulation in a quarter-wavethick film 21 (Supplementary Note and Fig. S1 ).
To realize such ultra-sensitive resonance manipulation, dielectric thin films with large complex indices as well as proper substrate designs are of vital importance. The unique dispersion of MoS2 thin films integrated on the Au substrate empowers broadband interfacial phase shifts reaching 2π in the visible regime ( Fig. 1c ).
Consequently, the largest tunability in reflectance spectra corresponding to a wide color palette by varying nanometric thickness of MoS2 layers can be realized, which exceedingly outperforms the other substrates such as Al and Silicon ( Supplementary   Fig. S2 ). Figure 1d depicts the theoretical calculation results of the reflectance spectra of the MoS2-Au structure with different numbers of layers (see Methods). As can already be inferred from the white dotted line marking out the evolution of resonance wavelengths, nearly 400 nm shift from 800 nm to 430 nm covering the entire visible light can be obtained by a thickness variation from 30 layers to a monolayer. It is worth noting that even the extinction-associated interfacial phase shifts 22 are ubiquitous among dissipative materials with a large imaginary part of refractive index, the enticing dispersion properties of MoS2 thin films covering the outermost range in the complex index diagram (Fig. 1c ) manifest a far superior sensitivity of 12.8 nm per MoS2 layer, which showcases more than 5 times and 2 times greater than that of 2.3 nm per graphene layer and 5.9 nm per Ge layer, respectively ( Supplementary Fig. S3 ).
Apparently, the interlayer interaction by van der Waals forces results in the dominant heat dissipation along the in-plane direction rather than the out-of-plane direction 18, 23 Since the frequency interval between E2g and A1g Raman modes depends monotonically on the number of MoS2 layers 25, 26 , Raman spectroscopy is utilized to characterize the laser exfoliation process. Figure 2c Flat pigments and binocular stereoscopic images. The ultra-sensitive resonance control allows the generation of nanometric flat pigments for color images [27] [28] [29] [30] ( Supplementary Fig. S4 ). Two perspective images projected at two different directions were encoded into two sets of diffractive gratings with different periods of 1200 nm and 1800 nm, respectively ( Supplementary Fig. S7 ). By horizontally interleaving the two sets of laser printed gratings to form a 10 μm sized supercell, two perspective images can be diffracted and projected to different directions corresponding to left and right eyes at an oblique incidence. Figures 4c and d 
Methods
Sample preparation. The MoS2 thin film with a lateral size of several millimeters was firstly deposited onto Si/SiO2 (300 nm SiO2) substrate with pulse laser deposition (PLD) method, and then was transferred onto a gold substrate obtained by heat evaporation.
In the PLD process, a KrF laser with 248 nm wavelength and the commercial MoS2 target were used. The condition of fabrication MoS2 layer was 10 -5 pressure and 780 degree. After the deposition, the pressure was maintained and annealed for 5 minutes at the same condition, and then the temperature was decreased at a rate of 
